An Arabidopsis oleosin was used as a model to study oleosin topology and targeting to oil bodies. Oleosin mRNA was in vitro translated with canine microsomes in a range of truncated forms. This allowed proteinase K mapping of the membrane topology. Oleosin maintains a conformation with a membrane-integrated hydrophobic domain flanked by N-and C-terminal domains located on the outer microsome surface. This is a unique membrane topology on the endoplasmic reticulum (ER). Three universally conserved proline residues within the "proline knot" motif of the oleosin hydrophobic domain were substituted by leucine residues. After in vitro translation, only minor differences in proteinase K protection could be observed. These differences were not apparent in soybean microsomes. No significant difference in incorporation efficiency on the ER was observed between the two oleosin forms. However, as an oleosin-P-glucuronidase translational fusion, the proline knot variant failed to target to oil bodies in both transient embryo expression and in stably transformed seeds. Fractionation of transgenic embryos expressing oleosin-P-glucuronidase fusions showed that the proline knot variant accumulated in the ER to similar levels compared with the native form. Therefore, the proline knot motif is not important for ER integration and the determination of topology but is required for oil body targeting. The loss of the proline knot results in an intrinsic instability in the oleosin polypeptide during trafficking.
INTRODUCTION
The topology of membrane-associated proteins is a critical factor in both their trafficking within cells and their ultimate function. Polypeptides that enter the secretion pathway or that become associated with the endoplasmic reticulum (ER) have been widely studied in yeast and mammals. In most cases in which ER-associated polypeptide topology has been studied, polypeptides with single transmembranespanning regions have one terminus in contact with the cytosol and the other terminus exposed to the ER lumen. Proteins such as glycophorin or the low-density lipoprotein receptor have a single membrane-spanning domain with the N terminus positioned luminally and the C terminus in contact with the cytosol. Conversely, the asialoglycoprotein receptor and the transferrin receptor display their N termini in the cytosol and C termini in the ER lumen. Only proteins with multiple membrane-spanning domains appear to retain both N and C termini on the cytosolic side. An example of this is the glucose transport protein of erythrocytes (Wickner and Lodish, 1985; Spiess and Lodish, 1986 ).
To whom conespondence should be addressed. E-mail mmmolone@ acs.ucalgary.ca; fax 403-220-0704. In plants, there have been relatively few studies of protein topology during intracellular trafficking via the ER. One of the few examples that has received some attention is the tonoplast-integral protein, an aquaporin with structural features derived from the membrane-integral proteins (Reizer et al., 1993) , which are an ancient and diverse group of membrane channel proteins. Seed-specific examples of such tonoplast-integral proteins have been reported (Hofte and Chrispeels, 1992) . These aquaporins are vacuole localized with six membrane-spanning domains. Both N and C termini protrude on the cytosolic side, whereas loops of -20 amino acids are exposed on the luminal side. As a group, the plant aquaporins appear to follow existing precedents for proteins with multiple membrane-spanning domains.
The importance of topology is clearly demonstrated by studies on 3-hydroxy-3-methylglutaryl COA reductase from Arabidopsis. Campos and Boronat (1 995) defined the topology by in vitro studies placing the catalytic domain on the cytosolic side of the ER membrane. A switch in topology of 3-hydroxy-3-methylglutaryl COA would have a critical effect on compartmentalization of its enzyme activity, relocalizing it into the ER lumen.
Oleosins or oil body proteins represent a unique class of ER-processed proteins. These are a family of proteins found associated with oil bodies in seeds (Huang, 1992 (Huang, , 1996 Murphy, 1993) and in some other organs that accumulate oil (Ross and Murphy, 1996) . They share a highly conserved hydrophobic domain of -72 amino acids flanked by two hydrophilic/amphipathic domains of variable length and sequence. The central domain is predicted to reside in the phospholipid monolayer and triacylglycerol (TAG) core of oil bodies, whereas the flanking domains lie against the phospholipid surface (Huang, 1992) . Oleosins account for as much as 8% of total seed protein in Brassica seeds.
For oleosins, considerable evidence supports a targeting pathway via the ER (Napier et al., 1996) . Qu et al. (1986) demonstrated that the vast majority of oleosin synthesis is directed by membrane-bound polyribosomes in maize. Subsequent studies showed that in vitrc-translated oleosin could be targeted to canine pancreatic microsomes but not to erythrocytes, plastids, heat-inactivated canine pancreatic microsomes, or oil bodies (Hills et al., 1993; Loer and Herman, 1993) . Although these experiments did not demonstrate the pathway of ER targeting, it has been found that the signal recognition particle is capable of causing translational arrest in vitro (Thoyts et al., 1995) . This provides preliminary evidence for a cotranslational, signal recognition particle-mediated targeting pathway but does not rule out post-translational ER targeting of oleosins (Ng et al., 1996) . No signal sequence cleavage has been observed during microsome translation (Hills et al., 1993; Loer and Herman, 1993) , and a noncleaved signal sequence remains unidentified. In this respect, oleosin is unique, because all other characterized seed storage proteins targeted to the ER are known to possess N-terminal cleavable signal sequences (Chrispeels and Raikhel, 1992) . No in vitro study to date has been able to define the topology of the oleosin polypeptide on the ER. Only general observations that some sequences, either the N or C terminus (or both), are exposed to the cytosol (Hills et al., 1993) have been made. Evidence from electron microscopic studies also suggests that oil bodies are formed from the ER (Wanner et al., 1981) . This would colocalize oleosin synthesis and TAG synthesis in the ER (Wanner and Theimer, 1978) . However, the intermediate mechanisms of oleosin targeting and association with TAG remain to be determined. A key factor in determining this coordination may be the membrane topology assumed by oleosin. Possible interactions with luminal or cytosolic components will depend on domain orientation. The mechanics of oil body budding will also depend on this conformation. Theoretical models based on oleosin sequence have suggested a topology in the ER in which the hydrophobic domain is embedded in the phospholipid bilayer and is flanked by two cytosolic domains. If this model is correct, it would be a nove1 topology among characterized membrane proteins (Wickner and Lodish, 1985) . Therefore, a study of its structure and targeting mechanisms is likely to yield important new understanding of ER protein translocation. The small size of oleosins (1 6 to 24 kD) allows for detailed characterization and may provide insights into the targeting of more complex proteins whose targeting is still not well understood. An example of this is apolipoprotein B, which plays a critical role in lipid transport in mammals (Yao and McLeod, 1994; lnnerarity et al., 1996) . This could be considered to be an oleosin analog in terms of its ER targeting and role in lipid vesicle stabilization. The predicted topology of apolipoprotein B bears close resemblance to oleosins in lipoprotein vesicles, although the lipid-associated hydrophobic segments are shorter than the oleosin hydrophobic domain. Association with the ER membrane appears to be transient (Chuck et al., 1990; Nakahara et al., 1994) , and association with TAG is mediated by a series of pause transfer sequences that stop and start translocation at defined points (Chuck and Lingappa, 1992) . Apolipoprotein B is exposed to the cytosol during translocation, as demonstrated by its sensitivity to trypsin cleavage (McLeod et al., 1996) and degradation by a ubiquitin-proteasome pathway (Yeung et al., 1996) . However, the N-terminal 48% of apolipoprotein B is capable of forming very low density lipoproteins and, when translocated into microsomes, is almost completely protected from exogenous trypsin (McLeod et al., 1996) , indicating a location in the ER lumen. This inverse topology relative to that proposed for oleosins could account for the direction of particle budding, that is, cytosolic oleosin/TAG particles and secretion of apolipoprotein/TAG particles.
Some studies of oleosin targeting have used oleosin-P-glucuronidase (GUS) translational fusion reporters to assess the importance of individual oleosin domains (Van Rooijen and Moloney, 1995) . Oleosin-GUS lacking the central hydrophobic domain accumulated at extremely low levels on oil bodies, whereas the N-and C-terminal domains could be deleted with less severe reductions in oil body accumulation and high targeting efficiencies. This implies the location of a signa1 sequence in the hydrophobic domain. By investigating oleosin targeting at a finer leve1 and by employing a strategy of site-directed mutagenesis, we are dissecting the targeting pathway to identify critical motifs within oleosin. A key motif for such study is the universally conserved "proline knot" region of the hydrophobic domain (Huang, 1996) .
Three prolines distributed over a 12-residue region are present in all known oleosins (Lee et al., 1994) . They are predicted to mediate a turn that would facilitate the formation of an antiparallel a helix or p strand (Huang, 1992) . By substituting these prolines with other amino acids, a significant structural change is likely to occur. Given the conserved nature of this proline knot, such modifications could reveal its function and help to distinguish between initial ER association and subsequent steps in oleosin targeting. In addition, such modification might change the topology or folding of the protein and specify a different trafficking route. Such a change might help to elucidate the overall mechanism of oleosin targeting. The objectives of this study were to modify the proline knot and determine the effects on ER association, on oleosin stability, and ultimately, on targeting to oil bodies.
RESULTS

Membrane Topology Determination of Oleosin
To analyze the membrane topology of oleosin, in vitro translation was performed in the presence of canine microsomes. RNA transcribed in vitro from a wild-type oleosin (WTOLEO) cDNA clone was used to program the reaction. The amino acid sequence specified by that cDNA is shown in Figure 1 . Membrane incorporation was verified by analyzing pelleted microsomes and also by detecting proteinase K protected fragments. Fragment sizes were determined using a calibration curve generated from a molecular mass marker set ranging from 2.5 to 17 kD (Sigma) and obtained from a single pair of gels. In Figure 2 , full-length native WTOLEO can be observed in microsome pellets and yields a protected fragment of an apparent 8.6 kD. The full-length product is predicted to be 18.4 kD but has an apparent size of 17.4 kD.
A lower band was also noted. This was assumed to result from either premature chain termination or use of a downstream initiation codon. When the C terminus is deleted (WTOLE0:C-lacks the C-terminal56 residues), the protected fragment is smaller (6.8 kD) than that derived from VVTOLEO, indicating considerable exposure but partia1 protection of the N-terminal domain: The sequence is divided to demonstrate truncation points of domain deletions. The slash shows the truncation point in and PVOLEO:N-21. Underlined proline residues are substituted by leucine residues in PVOLEO and its derivatives.
C terminus on the external microsome surface near the junction of the hydrophobic and C-terminal domains. The data support a topology in which hydrophobic domain is embedded in the phospholipid bilayer and is flanked by N-and C-terminal domains located in the cytosol. WTO-LEO:N-zi lacks the N-terminal21 amino acids and produced only a single band at the same size as the lower WTOLEO product. This indicates that the initiation of translation at codon 20 or 21 of WTOLEO is responsible for the smaller product. The full N-terminal deletion (WTOLE0:N-lacks the N-terminal44 residues) also displays only one band, supporting this conclusion. The N-terminal deletion WTOLE0:N-has a protected fragment equal in size to that derived from the full-length protein. This clearly demonstrates that the entire N terminus is exposed to protease and must lie on the external surface of the microsomes.
A Proline Knot Variant of Oleosin Exhibits Alternative Membrane Conformations
The proline knot has been proposed to play a major role in determining the conformation of the hydrophobic domain (Huang, 1992) . Therefore, a cDNA variant substituting the three conserved proline codons with leucine codons (PVO-LEO for proline knot yariant; see Figure 1 ) was used for in vitro transcription and translation. Leucine residues are common residues in the hydrophobic domain and do not have the rigid peptide linkage imposed by proline residues. The topology of PVOLEO was investigated by generating both truncation and extension constructs. PVOLEO:N-*I (N-termina1 21 residue truncation) is similar in size to WTOLEO:N-21, and PVOLE0:N-(N-terminal deletion) and PVOLE0:C-(C-termina1 deletion) are similar to the VVTOLE0:N-and WTO-LE0:C-truncations, respectively. PVOLEO was also extended at the C terminus by a GUS fusion to yield PVOLE0:GUS.
By integrating the results from these truncations and extensions in WTOLEO and PVOLEO, a proteinase K protection map can be produced. Counterpart proteins in native and proline knot variant forms do not migrate to the same position on the gel, for example, WTOLE0:C-and PVOLE0:Cfull-length proteins. This is most likely because of structural changes exerted by the proline knot motif, which is amplified in the lower portion of the gel. These discrepancies were taken into account for the deduced model shown in Figure 3 , which is consistent with the data and based on the following arguments.
(1) PVOLEO has a full-length band at the same size as WTOLEO, yet the two protected fragments are larger than is the single fragment derived from WTOLEO (1 0.3 and 11.5 kD). PVOLEO also shows a smaller translation product similar in size to the lower VVTOLEO band. PVOLEO:N-zl displays a full-length band equal to the lower PVOLEO band, indicating that this lower PVOLEO band also stems from use of a downstream initiation codon at codon 20 or 21. PVOLEO:N-zl displays a second lower band that may result from translation from the initiation codon at position 30 or premature chain termination at a specific site. The size difference would favor the latter explanation.
(2) PVOLEOrN displays a single protected fragment at the same size as the lower PVOLEO protected fragment (10.3 kD), which indicates that the larger protected fragment of PVOLEO includes some N terminus. The difference in PVOLEO protected fragments (1.2 kD) corresponds to ~11 residues. The protection of these two fragments implies the existence of two alternative PVOLEO conformations.
(3) The C terminus is mainly exposed but partially protected for WTOLEO and PVOLEO (an apparent 6.8 kD for WTOLEO:C-and 9.1 and 10.3 kD for PVOLEO:C-) and by similar amounts (a 1.8-kD difference comparing WTOLEO with WTOLEO:C~, and a 1.2-kD difference comparing PVO-LEO with PVOLEO:C~). These fragment sizes indicate protection of ~14 residues internal to the C terminus.
(4) The upper PVOLEO:C~ protected band is the same size as the lower PVOLEO protected band (10.3 kD). This indicates that the difference between PVOLEO alternative protected conformations is similar to the protection of the C terminus. Furthermore, this implies that the least protected PVOLEO fragment and the WTOLEO protected fragment have an N terminus close to the N-terminal/hydrophobic domain boundary.
It is also clear from these results that oleosin is capable of efficient membrane incorporation when it is in native or proline knot variant form. It should be noted that the proline knot variant will have increased label incorporation with 19 Oleosin cDNA constructs were in vitro translated using a rabbit reticulocyte lysate with canine pancreatic microsomes and labeled with 3 H-leucine. Membrane-incorporated oleosins were pelleted after treatment with ( + PK) or without (-PK) proteinase K. Products were separated by SDS-PAGE, using 16% polyacrylamide gels, and monitored by fluorography. N, N terminus; C, C terminus; P, proline residue; L, leucine residue. Conformation A represents WTOLEO (native oleosin) and the least protected PVOLEO (proline knot variant) conformations. Conformation B represents the more protected PVOLEO conformation. Shaded circles show the domain boundaries, and the approximate sizes of the protected fragments are given. C, C terminus; N, N terleucine residues compared with 16 in the native form. Oleosin lacking either the N-or C-terminal domains is capable of stable membrane insertion, although there appears to be some reduction in microsome incorporation for both C-terminal domain deletions. This is partly due to lower label incorporation through the deletion of leucine residues present in the C-terminal domain (three leucine residues deleted). PVOLEO:GUS failed to yield a distinct band at the expected size (86 kD), which is not surprising given the increased probability of premature chain termination, typical of in vitro translation (Ausubel et al., 1995) . However, it is clear that a range of extended oleosins are produced and that they generate the same proteinase K protected fragments as PVO-LEO. This confirms the location of the C-terminal domain on the outer microsomal surface.
Alternative Proline Knot Variant Conformation Is Stable and Also Observed for Native Oleosin in Soybean Microsomes
To investigate further the alternative PVOLEO protected fragment sizes, the level of proteinase K was increased over a fourfold range. Although Figure 4A shows a loss of total protein typical of excessive protease treatment, the lower band shows only slightly more resistance to proteinase K. This suggests that the two bands represent distinct conformations of oleosin rather than sequential stages of proteolysis.
Soybean microsomes were also prepared from embryos as an alternative to canine microsomes and were treated similarly, as shown in Figure 4B . The sizes of protected fragments were similar to those in canine pancreatic microsomes, but WTOLEO yielded an additional larger protected fragment equivalent to the larger PVOLEO protected fragment. This implies that the alternative conformations are displayed equally by both WTOLEO and PVOLEO in soybean microsomes. These alternative conformations are therefore unlikely to be a critical factor for oil body targeting.
Proline Knot Motif Is Critical in Vivo for Oil Body Targeting of Oleosin-GUS
To investigate the role of the proline knot in oil body targeting in vivo, oleosin-GUS fusion constructs in Agrobacterium were introduced into both Brassica carinata and Arabidopsis. A proline knot variant (PVOLEOGUS) was compared with OBPGUSA (native oleosin-GUS), which had already been transformed into B. carinata (S. Chaudhary, D. Parmenter, and M.M. Moloney, unpublished results) and introduced into Arabidopsis.
Corresponding constructs in pBluescript KS+ were used in biolistic bombardment for transient expression studies. Flax embryos at a midcotyledonary stage were used primarily because of their high levels of oleosin-GUS expression; however, the experiments were also conducted contemporaneously with both soybean and 8. napus embryos. Seeds of stable transformants or embryos were homogenized and fractionated into a pellet (discarded) and primary supernatant. This primary supernatant was then further fractionated into the supernatant and oil bodies (floating fat pad). Figure 5 shows the GUS activity that was normalized to protein content in seeds or luciferase activity (introduced by cobombardment) in embryos.
Transgenic B. carinata displayed GUS activity 100-fold higher for OBPGUSA relative to PVOLEOGUS ( Figure 5A) and an oil body targeting ratio of 61 % compared with 18% ( Figure 5B ), respectively. Similarly, transient expression in flax gave 24-fold higher GUS activity for OBPGUSA compared with PVOLEOGUS ( Figure 5C ), with a respective oil body targeting of 70% compared with 17% ( Figure 5D ). Clearly, substitution of the prolines has a striking effect on both total levels of accumulation of oleosin and oil body targeting efficiency. This effect is essentially the same in both transient expression and stably transformed long-term accumulation. It was possible that the reduced expression levels were due to either reduced transcript levels or the failure of GUS to maintain high activity as a fusion with the proline (A) GUS activity normalized to protein content in transgenic seeds of 6. carinata. PVOLEOGUS is the proline knot variant of oleosin-GUS, and OBPGUSA is the native oleosin-GUS. Gel blot analysis of transgenic B. carinata midcotyledonary (mid-cot) embryos by using 10 |u,g of total RNA per lane and an Arabidopsis oleosin cDNA as a probe.
The signal from endogenous oleosin mRNA was used to calculate the relative abundance of oleosin-GUS transcript after scanning the autoradiographs. The PVOLEOGUS transcript was 1.5% of oleosin transcript in midcotyledonary embryos, and the OBPGUSA transcript was a little higher, at 2.8%. Similar values of 1.9 and 2.9%, respectively, were obtained with RNA extracts from late cotyledonary immature zygotic embryos. Therefore, the greatly reduced GUS activity in PVOLEOGUS transformants cannot be accounted for by transcript levels.
To investigate the possible inactivation of GUS in PVO-LEOGUS protein, an alternative measure of oleosin-GUS accumulation was performed using immunoblot analysis of total seed protein. In Figure 7 , it can be seen that wild-type B. carinata produced no detectable signals, whereas B. napus GB5 plants (oleosin promoter-GUS; Plant et al., 1994) gave a strong reaction to GUS antibodies at the expected size of free GUS (68 kD). OBPGUSA generated the expected full-length product at 86 kD. PVOLEOGUS failed to generate any detectable full-length oleosin-GUS (expected size, 86 kD). This confirms that the low GUS activity observed in PV-OLEOGUS seeds is due to impaired protein accumulation.
vented, or protein may be rejected or degraded from the oil bodies. To address these possibilities, B. carinata midcotyledonary transgenic embryos were analyzed by assaying GUS activity in oil body, microsome, and soluble fractions. Microsomes were isolated by centrifuging the initial supernatant fraction over a 0.5 M sucrose cushion to yield a microsomal pellet and a cleared supernatant. Oil bodies were washed to yield a second supernatant. Recovery of GUS activity ranged from 64 to 96%, except for GB5 embryos, which yielded only 25 and 29%. The lack of efficient recovery was investigated by extending the assays to include the supernatant/sucrose cushion interface and the remaining sucrose cushion. By including these fractions, GUS activity recovery was increased to 78 and 92%. Activity at the supernatant/sucrose cushion interface accounted for 42 and 49% of primary supernatant, and activity at the sucrose cushion accounted for 35 and 42% of primary supernatant.
Consistent with other data presented here, Figure 8 shows that GUS activity in OBPGUSA embryos was mostly located in the oil bodies (mean of 62%), but little GUS activity (mean of 2%) was located in the oil bodies of PVOLEOGUS embryos. However, significant and comparable levels of GUS activity could be detected in the microsome fractions of both OBPGUSA and PVOLEOGUS. This GUS localization is not likely due to nonspecific association because the microsomal activity of nontargeted GUS in GB5 embryos is considerably lower. Clearly, oleosin-GUS in praline variant form accumulates normally or possibly at elevated levels in ER but fails to accumulate subsequently in oil bodies.
The activity detected in the second supernatant of GB5 is due mostly to components in the uncleared supernatant, of which a significant proportion remains in the unwashed oil body fraction (20%) and which can be removed by the *? If oil body targeting of the proline knot variant is unaffected up to and including ER membrane integration, three major processes may be responsible for its poor integration into oil bodies: the proline knot variant may be degraded more rapidly in the ER membrane, oil body incorporation may be pre- Immunoblot of the GUS polyclonal antibody raised against total seed protein extracts of B. carinata and B. napus transgenic seeds. PVOLEOGUS is the proline knot variant of oleosin-GUS in B. carinata, OBPGUSA is the native oleosin-GUS in B. carinata, and GB5 is nontargeted GUS in B. napus. Numbers at the right are molecular masses in kilodaltons. PVOLEOGUS is the proline knot variant, and OBPGUSA is the native form or free GUS (derived from GB5; transgenic B. napus). The cleared homogenate was fractionated into oil bodies, microsomes, and supernatant (cleared by a 93,0009 spin). White circles represent the repeat values (no repeat for the wild type), and the lhe at 1 O00 pmol 4-methylumbelliferone (MU) per hr marks a discontinuity in the graph. subsequent high-speed centrifugation. However, this is not a sufficient explanation to account for the second supernatant GUS activity in OBPGUSA and PVOLEOGUS embryos. It is possible that some membrane elements containing oleosin-GUS are associated with the fat pad in the initial oil body fraction. These fractions could be released by the detergent (0.1 % Triton X-100 and 0.1 % sarkosyl) in the second supernatant washes. It is also likely that some oil bodies are lost into these washes.
If the oil body fraction is compared between poorly or nontargeted samples, similar apparent targeting efficiencies can be observed; PVOLEOGUS (2.3%) is similar to endogenous GUS-like activity in the wild type (3.5%) and nontargeted GUS in GB5 (1.1 %). This suggests that the observed GUS activity in oil bodies of PVOLEOGUS embryos is purely a nonspecific association.
DlSCUSSlON
In this study, we dissected the oleosin targeting pathway and identified critical motifs in the protein structure involved in its trafficking. The investigations presented here focus on ER membrane topology and the highly conserved proline knot motif.
Other studies have demonstrated the stable integration of oleosin into microsomal vesicles and an inability to target directly to oil bodies (Hills et al., 1993; Loer and Herman, 1993) . These studies, however, were unable to address the question of topology other than to observe that at least one of the termini (N or C) was on the cytoplasmic side. Translation of oleosins has also been demonstrated to be associated with membrane fractions in vivo (Qu et al., 1986) . Similarly, however, the membrane topology was not determined in those studies. By creating a series of truncation and extension constructs and using 3H-leucine as the label for in vitro-translated oleosin, we have defined the topology and membrane-protected regions of the native and proline knot variant forms of plant oleosins. Clearly, the flanking amphipathic domains are always exposed on the cytosolic side of the membrane, whereas the hydrophobic domain is membrane protected (Figure 3) . The boundaries for membrane protection obtained experimentally are close to those predicted by hydrophobicity plots (Huang, 1996) .
Assuming that the hydrophobic domain does not enter the ER lumen because of its extreme hydrophobicity, the determined topology is unique among characterized membrane proteins. Many segments of apolipoproteins may fall into a similar topology type but with luminal rather than cytosolic membrane-associated domains (Yao and McLeod, 1994; lnnerarity et al., 1996; McLeod et al., 1996) . However, it is clear that for oleosins, the proline knot motif is not critical in directing this topology. The differences in protease protection between native and proline knot variants of oleosins are small and are not even detected when soybean microsomes are used. The inconsistency between microsome preparations may be due to different phospholipid compositions or other factors affecting proteinase K accessibility. It is also possible that the soybean microsomes may have some TAG sequestered in the bilayer and thus present a heterogeneous system. This could affect oleosin conformation. Protection from proteinase K does not correlate precisely with membrane incorporation, and this may explain the partia1 protection of the C-terminal domain. Charged residues present in this region are highly unlikely to become membrane integrated. A similar situation exists in the N-terminal portion, which gains protection in the alternative proline variant conformation. These sequences may, for example, maintain a tight association with the phospholipid bilayer surface.
The ability of truncated oleosins to be incorporated into membranes was demonstrated previously for a C-terminal deletion in vitro (Thoyts et al., 1995) and in vivo by an oleosin-GUS fusion (Van Rooijen and Moloney, 1995) . However, a considerably reduced efficiency of incorporation is observed here, indicating a possible role for the C-terminal domain in translocation. The presence of sequence following the central domain may allow a signal sequence to be fully exposed outside of the ribosome before chain termination. This may facilitate more efficient ER targeting.
It is also not surprising that the N-terminal domain truncation is capable of membrane incorporation. A similar truncation fused to GUS at the C terminus was targeted to oil bodies in transgenic B. napus with only a small reduction in accumulation on the oil body (Van Rooijen and Moloney, 1995) . These data confirm the fundamental requirement for the hydrophobic domain in ER and oil body targeting.
Oleosin-GUS fusions (native and proline knot variant oleosins) in which GUS includes a glycosylation site are enzymatically active in transgenic plants (data for native form only; Van Rooijen and Moloney, 1995) . This is also confirmed by studies using biolistic techniques (data not shown). GUS is inactivated by glycosylation (Iturriaga et al., 1989) ; therefore, these results imply a cytosolic orientation of GUS and thus the C-terminal domain. These data support the results obtained through the in vitro targeting experiments.
This membrane topology may provide clues relating to the manner in which the insertional process takes place. All other characterized membrane proteins possess opposing orientations of the domains flanking a single membranespanning segment (Wickner and Lodish, 1985) . The fact that the hydrophobic domain is flanked by two cytosolic domains indicates a stable folding of this domain. This is predicted to be an antiparallel (Y helix or p strand and to be mediated by the proline knot motif (Huang, 1992) . However, the same topology is maintained in association with the proline knot variant. This result was surprising because the loss of this key structural constraint might have led to oleosin polypeptide, assuming a transmembrane topology with N and C termini on opposite sides of the ER. This implies that the proline knot motif is not responsible for insertion into the ER. The proline knot motif may exert more subtle effects on the secondary structure, which is important for downstream targeting events, as discussed below. It is unlikely that this topology is preferred because of interaction with oleosin isoforms (Lee et al., 1995) , for although this could occur in the in vivo experiments, no complementary isoforms are present in the canine microsome experiments. The hydrophobic domain must contain a critical feature that supports the cytosolic orientation of both flanking domains. This may involve simply the length of the hydrophobic core.
Recent technical advances have allowed researchers to probe the interactions between translocating polypeptides and the ER membrane (Corsi and Schekman, 1996) . Transmembrane domains have been shown to be associated with both a proteinaceous translocation pore and phospholipid components of the membrane in a well-defined sequence (Martoglio et al., 1995; Borel and Simon, 1996; Do et al., 1996) . Because the oleosin hydrophobic domain comprises more than twice the size of the number of residues (72) needed for a classical a-helical membrane span, it is likely to impose unique constraints on the translocation process.
Transient expression and stable expression of oleosin-GUS clearly show that the targeting of the proline knot variant to the oil body is greatly impaired. The failure of immunoblotting to detect any full-length oleosin-GUS protein for the proline knot variant in the embryo extracts confirms that the low GUS activity observed is due to poor protein accumulation. The proline knot variant essentially yields the same low expression and inefficient targeting as previously seen with the complete hydrophobic domain deletion (Van Rooijen and Moloney, 1995) . This confirms the absolute dependente of proline-induced structure in the hydrophobic domain for accumulation on oil bodies and implies inherent instability of the proline knot variant, presumably because of its inability to accumulate on oil bodies. It is possible that PVOLEOGUS protein fails to target to oil bodies because of the large GUS portion. However, OBPGUSA is highly stable on oil bodies, as demonstrated by its resistance to repeated washes (Figure 8 ). Any possible effects of the GUS portion are more likely to be an enhancement of the mutation's real effect.
From the fractionation of embryos expressing oleosin-GUS and GUS transgenes, it is clear that oleosin-GUS protein accumulates in the microsomal fraction at a comparable (steady state) leve1 for both PVOLEOGUS and OBPGUSA. This is consistent with the in vitro data, supporting the conclusion that PVOLEOGUS protein is translocated into the ER membrane efficiently. This also suggests that there is no significant change in translation efficiency due to the codon alterations. Because PVOLEOGUS protein accumulates extremely poorly, if at all, in oil body fractions, the deficiency of PVOLEOGUS in targeting is dueto either oil body incorporation or its stability on oil bodies. Differences in association of PVOLEOGUS with oil bodies can be accounted for by the different wash procedures used. With the buffer lacking detergents (Figure 8 ), oil body targeting is apparently 53%, which is reduced to 2% after three washes with the same buffer containing 0.1 % Triton X-100 and sarkosyl. An intermediate value of 17% is obtained when the initial homogenization is performed with detergent buffer (Figure 5 ).
High levels of PVOLEOGUS association with oil bodies can be accounted for by ER contamination of oil bodies.
Fractionated B. napus embryos contain significantly more ER enzymatic marker in the oil bodies than in the microsomal pellet, as determined by cytochrome c reductase (antimycin A-resistant) assays (data not shown). This trapping of ER-derived membrane could account for the PVOLEOGUS found in oil bodies. It also explains the ease by which it is washed away with low concentrations of detergent.
Because the PVOLEOGUS protein is capable of incorporating stably into a phospholipid bilayer, it seems unlikely that it would be intrinsically unstable in oil bodies. In support of this, it is found that additional washes of oil bodies containing PVOLEOGUS, with nondetergent buffer, do not remove GUS activity (data not shown). This is also true when the buffer contains 0.5 M NaCI. In vivo conditions are therefore unlikely to destabilize oil body-incorporated PVOLEO-GUS. The low levels of oil body accumulation therefore indicate that it is likely that the proline knot motif is required for oil body packaging. Two distinct possibilities can be suggested to account for such a requirement. One possibility is that the proline knot may introduce a strain into the central domain or phospholipid bilayer that is relieved upon transition from a phospholipid bilayer to a phospholipid monolayer/TAG core. This thermodynamic drive could provide a bias for oil body incorporation versus ER membrane accumulation. Another possibility is that specific factors depend on the presence of the proline knot motif to coordinate oil body formation.
The nearest comparable mechanisms that might explain this latter possibility can be observed in the coordination of apolipoprotein with TAG to produce lipoprotein vesicles. It has recently been found that apolipoprotein B has a tight physical interaction with the microsomal triglyceride transfer protein (Patel and Grundy, 1996) and is essential for the first step of lipoprotein formation (Gordon et al., 1996) . A similar factor(s) might exist in plant embryos to coordinate oil body formation. If these or other factors exist, their interaction may require specific structural motifs in the oleosin. Therefore, further analysis of this variant and others may be useful in understanding the processes and components involved in oleosin/TAG coordination. One reason for instability of the proline knot variant may be its inability to form a heterodimer with an endogenous oleosin isoform. Such a possibility was highlighted by Lee et al. (1995) .
In conclusion, oleosins appear to possess a unique membrane topology on the ER. The universally conserved proline knot is not required for ER membrane integration but is an essential feature for subsequent oil body targeting. In the absence of efficient oil body targeting, oleosin is not able to accumulate to high levels in seed cells.
METHODS
Oleosin DNA Constructs
naty vector by switching common Xbal-Xbal fragments between pPVOLEOGUS and pCGOBPGUSA (Van Rooijen and Moloney, I 995) to create pCGPVOLEOGUS.
cDNA clones for in vitro translation were orientated for T7-driven transcription. pWTOLE02BP (WTOLEO) was created by PCR from YAP23OT7 (obtained from the Arabidopsis Biological Resource Center, Columbus, OH) by using primers Bamoleo (5'-CGCGGATCCATG-GCGGATACAGCTAGA-3') and cAt2a (5'-CCCCCTGCAGTTAAG-TAGTGTGCTGGCCAC-3') with BamHl and Pstl restriction sites (underlined), respectively. The PCR fragment was cloned into BamHl and Pstl sites of pBluescript KS+. pCPOLEO (PVOLEO) was created by switching common BspEl-Age1 fragments, which include the proline knot coding region. N-terminal deletions of and PVOLEO (PVOLE0:N) were produced by direct cloning of PCR-generated fragments by using primers NTDl (5'-GCGCS ATCCATGGCTGCAACTGCTGTCACAGC-3') and cAda with BamHl (underlined) and Pstl sites, respectively. C-terminal deletions of WTO-LEO (WTOLE0:C -) and PVOLEO (PVOLE0:C-) were generated similarly by using Bamoleo and CTAl (5'-CCCCCTGCAGTTAGT-AAATCCAAGAGAAAACGG-3', with Pstl site underlined). The N-terminal truncation pCNTB (WTOLEO:N-2i) was created from pNTB, a genomic clone lacking the first 21 amino acids of the coding region. pNTB was used as a template for PCR by using primers cAt2b and GVROl (BamHI site underlined). A BamHI-Age1 fragment was cut from the PCR fragment and used to replace the corresponding fragment in pCNTB. pCBPOL (PVOLEO:N-*') was created by switching the common BspEl-Age1 fragment from pCPOLEO to pWTOLE02BP. pCPOLEO was extended with GUS coding region by switching an Scal-Scal fragment from pCPOLEO to pPOLE (pPOLE is a version of pPVOLEOGUS with a glycosylatable GUS).
Transformation of Brassica carinata
Cotyledons were transformed using Agrobacterium tumefaciens essentially by using the procedure of Moloney et al. (1989) . At least five of the highest leaf neomycin phosphotransferase I1 expressers were chosen for seed GUS assays. The highest GUS expresser was choCloning was performed by standard procedures (Sambrook et al., 1989) , and polymerase chain reaction (PCR) was conducted using Pwo polymerase, according to manufacturer's instructions (Boehringer Mannheim). The proline knot substitution was created by PCR-medisen foreach construct.
Biolistic Treatments
ated site-directed mutagenesis from the template h2.1, which contains a genomic oleosin clone from Arabidopsis thaliana (Van Rooijen et al., 1992) . h2.1 was used to generate two fragments: GVOPl by using primers GVRlO and OPKl with Pstl and Spel sites, respectively; and GVOP2 by using primers CTCTCATCACAGTTGCAC-3') and GVRO1 (5'4ATCCCATGGAT-CGGTC-3') with Spel and Ncol sites, respectively (the underlined bases comprise the restriction sites used for the cloning).
GVOPl and GVOP2 were cloned into pBluescript KS+ (Stratagene, La Jolla, CA), and GVOP2 was then subcloned into Spel and Ncol sites of pGnos (GN; Van Rooijen and Moloney, 1995) to make a translational fusion with p-glucuronidase (GUS) and the nopaline synthase terminator p5.2/1 .l. GVOPl was subcloned into p5.2A.1 by the common Spel sites and by ligation of blunted Pstl and Notl sites to create pPVOLEOGUS. This mutation was transferred to bi-
The DNA was coated onto gold particles by using the protocol of Klein et al. (1988) , with minor modifications. Gold particles that were 1.6 pm in diameter (-3 mg) were stored frozen in 50-pL aliquots of water in 500-pL Eppendorf tubes. Upon thawing, 5 to 10 pg of plasmid DNA was added to the tube. This was followed by the addition of 50 pL of 2.5 M CaCI2 and 20 pL of 0.1 M spermidine (free base, tissue culture grade; Sigma). These steps were all preceded by a brief vortexing step and followed by a 5-min incubation on ice. The tubes were vortexed for 4 min at high speed. This preparation was then spun at 10,000 rpm for 15 sec in a microcentrifuge, liquid was carefully decanted, and the particles were resuspended in 250 pL of absolute ethanol (HPLC grade; Fisher, Unionville, Ontario, Canada) by using a pipette. After vortexing, the preparation was respun at 10,000 rpm for 15 sec and decanted, and the particles were resuspended in 60 pL of absolute ethanol (Kartha et al., 1989) . After a brief vortexing step, an aliquot of 15 to 18 pL of the gold particles was pipetted onto the center of a sterilized macrocarrier disc. This was al-lowed to dry in a sterile environment before being used to bombard embryos.
Ten milliliters of sterile 1 % agarose was poured into 60-mm Petri plates, solidified, and overlaid with a sterile filter paper disc (Whatman No. 1, 4.5 cm). Ten flax midcotyledonary embryos were laid side by side in random orientation on this disc, filling a 2-cm-diameter circle at the center of the plate. Biolistic treatments were conducted using the PDS-lOOO/Helium particle gun (Bio-Rad). The conditions are as follows. The microcarrier consisted of 1.6-pm of gold particles (BioRad). The rupture disc was rated for 900 psi. The target was 11 cm from the rupture disc assembly. The chamber vacuum was maintained at 685 mm of mercury. Fifteen to 18 pm of gold/DNA suspension was loaded on the macrocarrier. This gave a DNA delivery of 2.5 pg per shot.
After delivery, the embryos were transferred along with the filter paper to a new Petri plate (6 cm in diameter) containing a standard mixture of 1 to 4 mL (depending on the size of embryos) of NLN medium (Lichter, 1982) , with 10 pM racemic abscisic acid (Sigma). They were kept at room temperature in the dark for 24 hr before histochemical staining. Embryos used in targeting experiments were left in the dark at room temperature for 3 days before processing.
Oil Body Targeting Determination
Embryos or seeds were fractionated using the flotation centrifugation method as described by Van Rooijen and Moloney (1995) to generate a crude pellet, oil body fat pad, and supernatant. The oil body fraction was washed to remove remaining soluble fusion protein. Reporter lysis buffer (Promega) was used for embryos for which luciferase assays were required, and GUS extraction buffer (Jefferson, 1987) was used for the transgenic seeds. Targeting efficiency was determined by subtracting first supernatant activity from the unfractionated oil body first supernatant suspension and expressing this effective oil body expression as a percentage of the unfractionated oil body-first supernatant suspension. Localization of GUS activity in the oil body fraction was confirmed by assaying this fraction at least once for each construct.
GUS Assays
Fractions were assayed for GUS activity by the methods described by Jefferson (1 987). Samples were incubated with 4-methyl umbelliferone glucuronidase and were sampled at three time points. Sodium carbonate (0.2 M) was used to stop the reaction. The hydrolysis product 4-methyl umbelliferone (MU) was measured by fluorometry on a fluorescence spectrophotometer (model F-2000; Hitachi, Tokyo, Japan; excitation at 365 nm; emission at 455 nm). XAR) for 8 and 95 hr to measure both native oleosin and the oleosin-GUS signal within the linear range of the film. The films were scanned using a Macintosh (Cupertino, CA) DeskScan, and the data were analyzed using National lnstitutes of Health lmage software. The percentage of oleosin-GUS transcripts to oleosin transcripts was calculated using the following formula: oleosin-GUS signaVoleosin signal x 8/95 X 100%.
lmmunoblotting
Total seed protein was extracted by homogenization of 1 O seeds in 350 pL of buffer (50 mM Na, HPO, , pH 7.0, 10 mM p-mercaptoethanol, 10 mM Na,EDTA), the addition of SDS to a final concentration of 2%, and boiling for 10 min. Debris was discarded after a 5-min spin at 13,OOOg. Protein concentrations were checked by SDS-PAGE and adjusted to achieve equal loadings for the immunoblot. Separation was achieved by SDS-PAGE (on a 7.5% acrylamide gel), according to Laemmli (1970) . The fusion proteins were detected using GUS primary antibodies (Clontech, Palo Alto, CA) and goat anti-rabbit secondary antibody linked to alkaline phosphatase, according to Ausubel et al. (1995) .
In Vitro Translation
Constructs in pBluescript KS+ were transcribed from the T7 promoter by using a Stratagene RNA transcription kit, according to the manufacturer's instructions. Transcript was then used to program a rabbit reticulocyte translation lysate (Promega); 1 O-pL reactions contained 0.1 pg of transcript, 30% lysate, 110 mM K+, 0.9 mM Mg2+, 185 kBq 3H-leucine at 5.6 TBq mmol-I (Amersham), and other components, as described by the manufacturer. Canine pancreatic microsomes were supplemented at 0.5 equivalents per 10 pL and soybean microsomes at 1.0 equivalents per 10 pL. After incubation at 30°C for 60 min, the reactions were held on ice or treated with proteinase K at 50 pg mL-l (unless otherwise indicated) for canine microsomes or 83 pg mL-l for soybean microsomes for 30 min at 0°C. The protease was inactivated by the addition of 1 O mM phenyl methylsulfonyl fluoride. Microsomes were diluted to 100 pL with water and pelleted in an ultracentrifuge (model TL100; Beckman, Mississauga, Ontario, Canada) by using a TIA1 00.2 rotor at 213,OOOg for 20 min at 4°C. Pellets were resuspended in loading buffer and boiled for 3 min before separation by SDS-PAGE (on a 16% acrylamide gel), according to Schagger and von Jagow (1987) . Gels were fixed and visualized by fluorography using Amplify, according to the manufacturer's instructions (Amersham).
Soybean Microsome Preparation RNA Gel Blotting
RNA was extracted from 20 midcotyledonary embryos or 20 green seeds, according to the method of Verwoerd et al. (1989) . Ten-microgram samples were electrophoresed, blotted onto a Hybond N+ membrane, probed, and washed according to the manufacturer's (Amersham) instructions, with two additional high-stringency washes (50 mL 0.1 X SSPE [ l X SSPE is 0.15 M NaCI, 10 mM sodium phosphate, 1 mM EDTA, pH 7.41, 0.1 % SDS at 65°C for 15 min). The Arabidopsis oleosin cDNA probe was generated from the BamHI-Pstl fragment of pVVTOLE02BP by using a random oligonucleotide priming method. The membrane was used to expose x-ray film (Kodak Ten grams of midcotyledonary soybean embryos was ground in liquid nitrogen by using a mortar and pestle. The fine powder was homogenized in 50 mL of buffer A (50 mM triethanolamine-acetic acid (TEA-HOAc), pH 7.5, 50 mM KOAc, pH 7.5, 5 mM Mg(OAc),, 2 mM DTT, 0.25 M sucrose) by mortar and pestle. The homogenate was spun at 1OOOg for 10 min, then at l0,OOOg for 10 min, and finally at 93,0009 for 90 min in an SW41 rotor (Beckman). The final pellet was resuspended in 8 mL of buffer B (25 mM TEA-HOAc, pH 7.5,4 mM DTT, 0.25 M sucrose) by gradual additions, using a glass rod and a 2-mL homogenizer (Potter-Elvehjem; Fisher Scientific). Eight milliliters of buffer C (100 mM TEA-HOAc, pH 7.5, 20 mM EDTA) was added, and after a 10-min incubation, the resuspended pellet was laid on a sucrose cushion (25 mM TEA-HOAc, pH 7.5, 25 mM KOAc, pH 7.5, 2 mM Mg[OAc],, 4 mM DTT, 0.5 M sucrose) and spun at 93,0009 for 90 min. The pellet was then resuspended in 300 pL of buffer E (25 mM TEA-HOAc, pH 7.5, 1 mM DTT, 0.25 M sucrose) and homogenized with a 2-mL Potter-Elvehjem homogenizer. The AZe0 from a 10-pL sample in 1 mL of 1 % SDS was used to dilute the microsome preparation to 25 units mL-'. Aliquots were frozen in liquid nitrogen and stored at -70°C. One equivalent was defined as 2 pL of this preparation. lmmediately before use, microsomes were treated with 40 units mL-I of S7 nuclease with 2 mM CaCI, at 20°C for 10 min. Nuclease was inactivated by the addition of 4 mM EGTA, pH 8.3.
Subcellular Fractionation of Embryos
Samples of 1 O midcotyledonary E. carinata embryos were homogenized in 400 pL of extraction buffer (50 mM Na2HP04, pH 7.0,lO mM P-mercaptoethanol, 10 mM Na,EDTA) and 2 mM phenyl methylsulfonyl fluoride in a 2-mL Potter-Elvehjem homogenizer for 1 min. The homogenate was spun at 82009 for 10 min at 4"C, and the pellet was discarded. A repeat spin was used to discard a second pellet, and a 1 00-pL sample was removed from this suspension-unfractionated supernatant. The remaining unfractionated supernatant was spun at 16,OOOg for 1 O min at 4"C, and -200 pL of cleared unternatant was removed with a needle syringe. This unternatant was respun, and 150 pL was then mixed with 50 pL of extraction buffer and loaded onto a 600-pL sucrose cushion (0.5 M sucrose, 0.5 M NaCI, 25 mM Na, HPO, , pH 7.0, 5 mM p-mercaptoethanol, 5 mM Na,EDTA). This was spun in a Beckman TL100 ultracentrifuge in a TLS55 swinging bucket rotor at 174,OOOg for 90 min at 4°C. The top 1 O0 pL was collected as a cleared supernatant fraction (SN-), and the remaining liquid was discarded, except when further GB5 fractionations were conducted. In these cases, the next 200 pL was collected as an interface fraction, and the remaining 500 pL was collected as the sucrose cushion. The microsomal pellet was resuspended in 120 pL of GUS extraction buffer. The oil body fraction (80 pL) was washed three times with 200 pL of GUS extraction buffer (50 mM Na2HP04, pH 7.0, 10 mM P-mercaptoethanol, 10 mM Na,EDTA, 0.1% Triton X-100, 0.1% sarkosyl), floating the oil bodies by spinning at 16,0009 for 10 min at 4°C. The 600 pL of washes was pooled (supernatant washes, SN+), and the oil bodies were resuspended in a total of 100 pL of GUS extraction buffer.
